Abstract
Introduction
Homeostasis of neutrophils in blood involves a coordinated process of granulopoiesis, mobilisation, constitutive apoptosis and clearance of apoptotic and senescent neutrophils. The homeostatic system is highly sensitive because neutrophils are terminally differentiated and shortlived cells. Apoptosis is a genetically controlled process of cell death, which results in removal of cell debris without causing inflammation. Apoptotic cells undergo functional, physiological and phenotype changes. The latter include the exposure of phosphatidylserine on cell membrane, the expression of cell death receptors and intracellular caspases [1] . Members of the tumour necrosis factor (TNF) receptor superfamily (TNFR1, TRAIL-R and CD95/FAS) activate a cascade that leads to the formation of a death-inducing signalling complex, activation of pro-caspase 8 and subsequent cleavage of pro-caspase 3. The intrinsic pathway is triggered by various environmental factors and involves the members of the B-cell lymphoma (Bcl)-2 family and the expression and activation of pro-apoptotic mitochondrial proteins and caspases [1] .
Blood neutrophils undergo constitutive apoptosis [2] . The kinetic of the process is dependent on a functional cross-talk between intrinsic pathway and signals initiated by death receptor activation [3] . The abnormalities in the pro-and anti-apoptotic mechanisms and/or the exposure to stress factors alter neutrophil apoptosis and are often related to disease pathology. In patients with rheumatoid arthritis (RA), an inflammatory disease affecting joints, cartilage and bone, neutrophils have delayed apoptosis in synovial fluid and blood because of elevated levels of interleukin (IL)-1, tumor necrosis factor α (TNF-α), IL-8, granulocyte colony-stimulating factor (G-CSF) and granulocyte-macrophage colony-stimulating factor (GM-CSF) associated with the disease pathology [4, 5] . It has been shown that GM-CSF is involved in arthritic and inflammatory progression and pain development [6] . This factor controls constitutive apoptosis via up-regulated expression of anti-apoptotic genes, genes related with inflammatory response, genes encoding major histocompatibility complex class II molecules, proteasome subunits and ubiquitin-modifying enzymes [7] . In addition, it regulates cell survival by interfering with modulators of apoptosis like myeloid leukaemia cell differentiation protein (Mcl-1) [8] and signalling pathways including phosphatidylinositide 3-kinase (PI3K) [9] , and by preventing the formation of the death-inducing signalling complex required for FAS-induced apoptosis [10] .
Interleukin 17 is a pro-inflammatory cytokine involved in RA pathology, which has recently been considered to be a potential therapeutic target for the disease [11] . It acts on chemokines, cytokines and inflammatory mediator genes, antimicrobial peptides and transcription factors [12] . The biological effects of IL-17 depend on the formation of IL-17RA/IL-17RC heterodimer receptor complex [12] . Cells that are able to express both receptors like fibroblasts and chondrocytes are sensitive to the cytokine and upon strong stimulation can undergo apoptosis [13, 14] . In respect to neutrophils, IL-17 regulates granulopoiesis, cell mobilisation and migration to the inflammatory sites. Previously we found that in zymosan-induced arthritis, neutrophils were positive for IL-17 and interferon (IFN)-γ in synovial fluid and produced IL-17 spontaneously in blood [15] . Indeed, neutrophils from healthy mice synthesised IL-17 in response to exogenous IL-17 [15, 16] . Herein, we have extended our research and we have investigated the effect of IL-17 on neutrophil apoptosis.
Material and methods

Mice
BALB/c mice were purchased from Charles River Laboratories (USA), kept under standard conditions of a 12-12 hour light-dark cycle and fed with a laboratory diet and water ad libitum. All experiments were approved by the Animal Care Committee at the Institute of Microbiology, Sofia in accordance with the National and European Guidelines.
Zymosan-induced arthritis
Female mice (6 weeks old) were anesthetised by intra-peritoneal injection (i.p.) of sodium pentobarbital (50 mg/kg; Sigma-Aldrich, Munich, Germany) supplemented with analgesic buprenorphine hydrochloride (0.1 mg/kg; Sigma-Aldrich). Mice were injected at the tibio-tarsal joint (ankle joint) with 10 µl of zymosan suspension (20 mg/ ml) or 10 µl of endotoxin free phosphate-buffered saline (PBS; BioWittaker ® , Lonza, Verviers, Belgium). The ankle thickness was measured in millimetres at different time points by using a dial-type vernier calliper (Fisher Scientific, Schwerte, Germany). The results were expressed as the difference (D) in mm of the measurements before (baseline) and after zymosan injection.
Histology
At day 7 and 30 post-zymosan injection ankle joints were dissected, fixed in 10% paraformaldehyde/PBS, decalcified in 5% nitric acid for 1 week, dehydrated, embedded in paraffin, cut and stained with haematoxylin and eosin (H&E). Histological evaluation of the sections was applied by two independent observers using light microscopy (Leica Microsystems, Wetzlar, Germany) using a 1 × 10 and a 1 × 40 lens. Photos were taken with a DS-Ri1 Nikon camera (Nikon Instruments Europe, Amstelveen, Netherlands).
Immunohistochemistry for interleukin 17A expression in the joints
Ankle joint sections were deparaffinised and rehydrated, and antigen retrieval with 10 mM sodium citrate/0.05% Tween 20 (pH 6.0) was performed for 20 minutes at 95°C to unmask the antigenic sites in tissue specimens. Endogenous peroxidase was blocked with 3% H 2 O 2 /60% methanol for 10 minutes followed by blocking of unspecific binding for 30 minutes with buffer containing 1% bovine serum albumin (BSA), 0.1% gelatine, 0.5% Triton X-100 (all from Sigma-Aldrich) and 0.01 M PBS (pH 7.2). The sections were washed three times with PBS/0.5% Tween-20 and antibody (Ab) against IL-17A (clone TC11-18H10; Abcam, Cambridge, UK; 10 µg/ml) and isotype rat control (Biolegend, London, UK; 10 µg/ml) were added for one hour. Then biotinylated anti-rat IgG antibody (Thermo Fisher Pierce Scientific, Rockford, IL, USA; 1 µg/ml) was added for 20 minutes followed by incubation for 30 minutes with HRP-conjugated avidin (Ultra-sensitive staining kit; Thermo Fisher Pierce Scientific). DAB substrate kit was used to detect the specific binding (Thermo Scientific, Rockford, IL, USA). Sections were counterstained with Gill's haematoxylin for 15 seconds and examined by a light microscope with a 1 × 100 lens.
Zymosan-induced paw oedema
Female BALB/c mice received a sub-plantar injection of 30 µl zymosan suspension (20 mg/ml; Sigma-Aldrich) at the hind paw. The contralateral hind paw was injected with 30 µl of PBS and was used as a control. Paw thickness at the medial-lateral direction was measured in mm 0, 0.5, 1, 2 and 4 hours post-zymosan injection using a calliper (Fisher Scientific). The results were expressed as a difference (D) between baseline measurements before and after zymosan/PBS injection in the paw.
Interleukin 17 administration in zymosaninduced paw oedema
Female BALB/c mice were injected intra-peritoneally (i.p.) with mouse recombinant IL-17 (PeproTech EC, London, UK; 0.5 µg/200 µl/mice) or endotoxin free PBS (BioWittaker ® , Lonza; 200 µl) one hour before the induction of paw oedema. Mice were sacrificed after four hours and blood was collected and used for quantification of GM-CSF or flow cytometry analysis of cell apoptosis. bital sinus by Pasteur pipette, collected in tubes with heparin (Sigma-Aldrich, 5 U/ml) and used for serum preparation or flow cytometry analysis.
Measurement of GM-CSF in serum
Serum was obtained after centrifugation at 1000 × g for 15 minutes at 4°C. Granulocyte-macrophage colony-stimulating factor was quantified in serum by commercial enzyme-linked immunosorbent assay (ELISA kit; Biolegend; detection limit < 8 pg/ml). The samples were assayed in triplicate. The concentration of GM-CSF was calculated from a standard curve of the recombinant mouse protein using Gen5 Data Analysis Software (BioTek Instruments, Bad Friedrichshall, Germany).
Purification of blood neutrophils and in vitro culture
Neutrophils were purified from heparinised blood after centrifugation at 700 × g at room temperature in density gradients of 55%/65%/75% Percoll/0.9% NaCl (GE Healthcare Life Sciences, Freiburg, Germany) [17] . Neutrophils were collected from the 65%/75% layer interface, washed and counted. The population consisted of 80-85% positive cells for Ly6G and more than 90% viable cells. For in vitro culture neutrophils were resuspended at a concentration of 1 × 10 6 /ml in sterile complete RPMI-1640 medium (Biowhittaker ® ; Lonza) containing 10% foetal calf serum (FCS), 2 mM L-glutamine, 100 U/ml penicillin, 100 µg/ml streptomycin (all from Sigma-Aldrich) without or with GM-CSF (PeproTech EC; mouse recombinant; 50 ng/ ml). The cells were stimulated with zymosan (Sigma-Aldrich; 20 µg/ml) in the absence or presence of IL-17 (Abcam; mouse recombinant, 40 ng/ml) and cultured at 37°C, 5% CO 2 for different time points (from 6 to 24 hours).
Flow cytometry
Whole blood collected in heparin-tubes (200 µl) was pre-incubated with Ab against mouse CD16/CD32 (eBiosciences, Vienna, Austria; 1 µg/ml) for 10 minutes at room temperature to block unspecific binding. Abs against Ly6G (clone 1A8; Biolegend) and CD11b (clone M1-70; Biolegend) were added in appropriate concentrations and incubated for 20 minutes. Blood samples were then immediately subjected to flow cytometry analysis. In other experiments purified neutrophils were resuspended at 1 × 10 5 /ml in 2% FCS/PBS containing 1 mM ethylenediaminetetraacetic acid (EDTA) and stained with Abs against Ly6G and CD11b for 15 minutes, washed and analysed with a flow cytometer (BD LSR II) using BD FACSDiva v6.1.2 software (Becton Dickinson GmbH, San Jose, CA, USA).
Analysis of cell apoptosis
Whole blood collected in heparin-tubes (100 µl) from mice with ZIA or ZIO was immediately incubated with Abs against Ly6G, CD11b (both from Biolegend) and Annexin V (Abcam) for 10 minutes and then analysed by flow cytometry. In some experiments freshly isolated neutrophils were incubated as described above in the presence or the absence of IL-17 and zymosan. Neutrophil apoptosis was determined after 0, 6, 12 and 24 hours by Annexin V Apoptosis Detection Kit (Abcam). Briefly, cells (1 × 10 6 cells/ml in binding buffer) were incubated with Annexin V (FITC labelled; 5 µl) and propidium iodide (PI; 5 µl) for 5 minutes and subjected immediately to flow cytometry analysis.
Statistical analysis
Statistical analysis was accomplished by InStat3.0 and GraphicPad Prism 5.0 software (GraphPad Software, La Jolla, CA, USA). Data were expressed as mean ± SEM. One-way analysis of variance (ANOVA) was performed to compare the ankle and paw thickness between groups and to calculate the statistical significance of the differences. For other data, the differences in the mean values between groups were analysed with the two-tailed Student's t test. Differences were considered significant when p < 0.05.
Results
Arthritis induced by injection of zymosan at the tibiotarsal joint of BALB/c mice
The injection of zymosan at the ankle joint induced swelling (Fig. 1A) . Ankle thickness increased until days 5 and 7 in the ZIA group but not in control mice indicating early inflammation triggered by TLR2 ligand. Swelling in ZIA mice decreased between days 7 and 13 and was then elicited between days 22 and 30 as a result of chronic inflammation (Fig. 1A) . Histologic analyses of sections from the tibiotalar joint showed peri-articular inflammation of the soft tissues, focal and synovial hyperplasia at day 7 of ZIA ( Fig. 1B) . We observed synovial hyperplasia, loss of chondrocytes (data not shown) and ankylosis of the joints with spanning of the talus bone at day 30 (Fig. 1B) . Our data showed that the disease visual score estimated by swelling coincided with the histological changes in ZIA joints (Fig. 1A, B) .
We then evaluated the expression of IL-17A in the joints by immunohistochemistry. We localised IL-17A + chondrocytes in the cartilage of normal and ZIA mice at day 7. Most of the chondrocytes were hypertrophic in the ZIA group, unlike in the PBS controls (data not shown). Interleukin 17A was undetectable in cartilage at day 30, probably due to chondrocyte loss (Fig. 1C) . At day 7, IL-17A was associated with hypertrophic bone and cell infiltrates in synovial membrane (Fig. 1D) . IL-17A + cells in the infiltrates can be primed for IL-17 production and expression in arthritic synovium as well as in circulation, as we have previously shown [15, 16] . (Fig. 2A) . Ly6G + cells expressing the early apoptotic marker Annexin V were fewer in the blood of ZIA mice than in controls (Fig. 2B) . Annexin V + neutrophils showed lower CD11b expression, unlike Annexin V -cells (Fig. 2C) . Decreased neutrophil apoptosis in ZIA mice was related to elicited production of GM-CSF in serum (Fig. 2D) .
Interleukin 17 and zymosan delay apoptosis and increase the CD11b expression on Annexin V -neutrophils in vitro
Subsequently, we evaluated the effect of IL-17 on apoptosis of blood neutrophils purified from PBS or ZIA mice. The survival of neutrophils from the PBS group decreased during culturing (Fig. 3A) , while Ly6G + CD11b + cells from ZIA mice were more resistant to apoptosis (Fig.  3B ). Cell death was affected neither by IL-17 nor by zymosan alone for the period of 12 hours. Nevertheless, the presence of both stimuli diminished the frequencies of early apoptotic Annexin V + cells in PBS and ZIA mice (Fig.  3A, B) . The cells that underwent apoptosis down-regulated CD11b in 6 hour cell cultures (data not shown), while both stimuli significantly increased the expression of CD11b on Annexin V -cells of the PBS and ZIA groups (Fig. 3C ).
Interleukin 17 antagonises the effects of zymosan on neutrophil apoptosis in the presence of granulocyte-macrophage colony-stimulating factor
In the late period, 24-hour culture, neutrophil survival was sustained by GM-CSF (Fig. 4A, B) that mimicked arthritic conditions with elevated GM-CSF amounts in serum (Fig. 2D) . Despite the presence of the survival factor, the frequencies of Annexin V + neutrophils from the PBS group were high and around 50% (Fig. 4A) . The number of Annexin V + cells decreased upon stimulation by TLR2 ligand but not by IL-17 (Fig. 4A) . The frequencies of Annexin V + Ly6G + CD11b + cells from ZIA mice were fewer in comparison to those from the PBS group. Zymosan accelerated the early apoptosis of ZIA neutrophils while IL-17 diminished the pro-apoptotic effect of the TLR2 ligand (Fig. 4B) . Necrotic single PI + cells were detected in ZIA cultures but less in control ones (about 2%; Fig. 4A, B) .
Administration of interleukin 17 in zymosan-induced oedema
We then performed an experiment in which BALB/c mice were pre-treated with IL-17 and then injected with zymosan into the hind paw (Fig. 5A) . Paw thickness was measured at indicated time points. The small differences between PBS-injected paws and the baseline at the beginning disappeared after four hours, indicating a lack of inflammation in the PBS group. TLR2 ligand induced paw oedema with maximal swelling 30 minutes post-injection. The pre-treatment with IL-17 significantly increased paw thickness in the zymosan-injected mice (Fig. 5B) . The oedema remained for four hours in this group, in contrast to PBS mice (Fig. 5B) .
Paw swelling in zymosan-injected mice was accompanied by enhanced frequencies of Ly6G + cells in whole blood (Fig. 5C ) and elevated expression of CD11b (Fig. 5D ) on neutrophils, in comparison to PBS mice. Interleukin 17 pre-treatment expanded Ly6G + cells in blood and amplified CD11b expression on neutrophils from ZIO mice, showing accelerated mobilisation and activation of mature neutrophils. In addition IL-17 enlarged the Ly6G + cell pool in ZIO mice through decreasing apoptosis (decreasing frequencies of Annexin V + neutrophils) (Fig. 5E ). We were unable to find a difference in the serum GM-CSF amounts between IL-17-treated or untreated ZIO mice, suggesting that the effect of IL-17 on apoptosis was uncoupled to GM-CSF-delivered signals (Fig. 5F ).
Discussion
Neutrophils are important players in the initiation of immune responses during inflammation and in inflammatory diseases like arthritis. In these conditions various pro-inflammatory signals can contribute to altered neutrophil functions, numbers and apoptosis.
The injection of TLR2 ligand in the ankle induced swelling with a peak between days 5 and 7, corresponding to the histological alterations of the joints. We detected IL-17A + chondrocytes in cartilage of PBS mice as well as in ZIA mice at day 7. It has been shown that IL-17A is localised on hypertrophic chondrocytes expressing IL-17R, allowing a regulation of the IL-17 secretion in an autocrine manner [14] . We observed a loss of chondrocytes and negative staining for IL-17A in cartilage at late stage of arthritis (day 30). The link between IL-17 signalling and apoptosis of chondrocytes has been found in IL-17R-deficient mice where the lack of IL-17R prevents chondrocyte death [18] .
Interleukin 17 is secreted at the initial step of inflammatory response and precedes joint alterations in RA patients [19] . Beside chondrocytes, various cell types can contribute to IL-17 production in synovial fluid. We observed IL-17A expression at areas with synovial hyperplasia. Similarly in arthritis induced by injections of gram-positive bacterial SCW fragments, IL-17 mRNA increases in the hyperplastic synovial tissue [18] . In ZIA mice we detected IL-17A + staining at the synovial membrane regions with cell infiltrates. In RA patients IL-17A is co-localised to CD15 + neutrophils in the inflamed tissues [20] . Neutrophils in cell Representative density-plot histograms showing apoptosis of neutrophils from A) PBS and B) ZIA group. Blood neutrophils incubated in medium containing GM-CSF (50 ng/ml) were stimulated with zymosan (20 µg/ml) in the absence or presence of IL-17 (40 ng/ml) and cultured at 37°C, 5% CO 2 for 24 hours. Apoptosis was measured by Annexin V-PI staining kit and analysed by flow cytometry. C) Effect of IL-17 and TLR2 on the frequencies of Annexin V + Ly6G + cells in the GM-CSF loaded environment. Data represent the mean ± SEM of Annexin V + cells (n = 5 animals per group in 3 experiments). *p < 0.05, ***p < 0.001, Student's t test.
infiltrates can be primed for IL-17 synthesis already in circulation. Previously we found that blood neutrophils from mice with ZIA produced IL-17 spontaneously [15, 16] . Migrating Ly6G + IL-17 + cells can become the initial source of IL-17 in synovial fluid, delivering signals for IL-17R-dependant activation of cartilage chondrocytes and amplifying the IL-17 levels. Indeed neutrophils are a required source of IL-17 in the effector phase of arthritis [21] . Various studies have shown the ability of mouse neutrophils to produce IL-17 [22, 23] . Human blood neutrophils are able to respond to stimulation with expression of the transcripts encoding IL-17A and IL-17A protein as well [22] . Recently, more evidence has been found for the significance of IL-17 production by neutrophils in respect to certain disease pathologies. Interleukin 17 stimulates granulopoiesis, neutrophil mobilisation from the bone marrow, enlarging the neutrophil circulatory pool. We hypothesised that IL-17 increases the numbers of Ly6G + cells in blood not only by enhancing granulopoiesis but also by reducing or delaying the constitutive apoptosis. This hypothesis arises from studies showing a mechanism of IL-17-mediated survival in which chondrocytes undergo apoptosis when exposed to increasing concentrations of IL-17 [18] . Previously we observed that exogenous IL-17 induced IL-17 production in healthy neutrophils [15, 16] . Nevertheless our present experiments showed that IL-17 was unable to change directly the dynamic of Ly6G + cell survival. Similarly, IL-17 fails to influence directly the constitutive apoptosis of human neutrophils [24] . It has been found that healthy neutrophils express the receptors for IL-17A and IL-17F [25] but not functional IL-17RC [24] that in turn may restrict the autocrine regulation of IL-17 production and IL-17-mediated apoptosis. A recent study showed that mouse Ly6G + bone marrow cells up-regulate IL-17RA and IL-17RC genes, and human peripheral blood cells increased IL-17RC surface expression upon stimulation with IL-6 and IL-23, indicating that under certain conditions neutrophils can become sensitive to IL-17 [22] . We found that IL-17 in combination with zymosan reduced the apoptosis of neutrophils from controls as well as from arthritic mice in the 6-hour cultures. The synergistic action of both IL-17 and TLR2 ligand might be a result of various interactions at the protein level sharing common transduction pathways. The engagement of TLR2 on neutrophils delivers anti-apoptotic signals via NF-κB signalling pathway [26] and also enhances the expression of IL-17A receptor in a MyD88-dependent fashion [27] . Thus, neutrophils receive much stronger activation via both TLR2 ligand and IL-17 transduction pathways that can alter apoptosis as well. In fact, we found that IL-17 treatment of mice with zymosan-induced paw oedema enhanced the mobilisation of mature neutrophils into blood and their activation, and also decreased the frequencies of Annexin V + neutrophils. In our study early apoptotic neutrophils showed less CD11b expression, unlike Annexin V -Ly6G + cells. We think that this might be a mechanism to prevent the extravasation and trafficking of apoptotic neutrophils and to accelerate their elimination in blood. By contrast, Annexin V -neutrophils expressed CD11b highly. It has been shown that IL-17A stimulates CD11b expression in healthy human neutrophils [28] . In our in vitro cultures IL-17 alone elicited CD11b expression mainly on Ly6G + cells from ZIA mice, demonstrating their increased sensitivity to the cytokines. However, the presence of both IL-17 and zymosan was able to enhance the level of surface CD11b on cells from the ZIA as well as from the PBS group.
CD11b expression was increased on blood Ly6G
+ cells from IL-17-treated ZIO mice in which the frequencies of early apoptotic cells were reduced. Thus, we speculated that IL-17 can alter Ly6G + apoptosis by enhancing CD11b expression. Elicited density of CD11b on neutrophils can promote their adhesion to the endothelium [29] . Viable CD11b + neutrophils, via activation of PI3K/Akt, MAPK/ ERK and NF-κB survival pathways, retain their delayed apoptosis during the trans-endothelial migration [30, 31] . In respect to ZIA, infiltrating neutrophils exposed to IL-17 in the synovium can up-regulate CD11b allowing the interaction with myeloperoxidase. Such binding activates intrinsic anti-apoptotic pathways via caspases and Mcl-1, and postpones local neutrophil apoptosis [32] .
The biological effects of IL-17 are often dependent on the production of GM-CSF that has anti-apoptotic action and/or increases cell survival [27] . In our 24-hour cell culture, where GM-CSF was present, IL-17 antagonised the action of TLR2 ligand. In the PBS group IL-17 increased the pool of TLR2-stimulated Annexin V +
Ly6G
+ cells having a pro-apoptotic effect. By contrast, in the population from ZIA mice IL-17 reversed the action of zymosan, having an anti-apoptotic effect. We think these functional differences between PBS and ZIA neutrophils are due to their exposure to GM-CSF. Granulocyte-macrophage colony-stimulating factor production in serum differed between PBS-and zymosan-injected groups, and thus blood neutrophils from arthritic mice are likely primed by GM-CSF. In cultures GM-CSF can increase cell viability via multiple mechanisms interacting with IL-17R or TLR2 signalling. Recently it has been shown that IL-17A indirectly controls GM-CSF-mediated neutrophil survival, antagonising the various signal transduction pathways leading to the reduction of Mcl-1 protein level, aggregation of Bax to mitochondria and increased caspase-3/7 activity [25] . However, this interplay excludes death receptors cascade, suggesting that IL-17 antagonises mostly GM-CSF-dependant intrinsic apoptosis pathways. This might explain why we found reduced frequencies of Annexin + Ly6G + cells in IL-17-treated mice with ZIO despite similar serum GM-CSF amounts in the experimental groups.
In conclusion, our study showed that IL-17 and TLR2-ligand (zymosan) can up-regulate CD11b expression and can modulate apoptosis of neutrophils from non-arthritic mice, arthritic mice and mice with paw oedema. This effect might be clinically relevant because of the increased neutrophil lifespan in circulation during chronic inflammatory conditions. It also suggests that anti-IL-17 therapy can be combined with inhibition of TLR2 and CD11b signalling in arthritis.
